Huntington disease (HD) is a late-onset neurodegenerative disorder characterized by the loss of striatal and cortical neurons, motor abnormalities, emotional disturbance, and cognitive dysfunction. The disease results from an expansion of a CAG sequence in the huntingtin gene beyond the normal allelic range of 10 -35 CAG triplets. This CAG triplet repeat encodes a polymorphic polyglutamine tract near the N terminus of the huntingtin (htt) protein.
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Insoluble inclusions of polyglutamine (polyQ)-expanded htt (mhtt) are common hallmarks of HD, although the inclusions are likely not toxic to the cell (Arrasate et al., 2004) . The toxic species (e.g., dimers or oligomers) of mhtt and the pathogenic mechanism of polyQ-expanded htt underlying HD are unknown.
Excitotoxicity mediated by NMDA receptors (NMDARs) has been suggested to play a role in HD-associated neuron death (Okamoto et al., 2009 ). In particular, evidence suggests that activation of extrasynaptic NMDARs is necessary for inclusion formation and cellular toxicity (Okamoto et al., 2009) . In a mouse model of HD, selectively blocking extrasynaptic NMDARs with low doses of the NMDA inhibitor memantine promoted aggregation and decreased toxicity of mhtt (Okamoto et al., 2009) . These effects are thought to be achieved through restoration of PGC1-␣ function induced by increased CREB activity.
Although excitotoxicity appears to be a component of HD pathogenesis, recent papers have highlighted the importance of htt phosphorylation in reducing toxicity of polyQ-expanded htt. Phosphorylation of S13 and S16 decreases aggregation and toxicity of mhtt in both cell and mouse models of HD (Gu et al., 2009) , perhaps via disruption of an amphipathic helix at the N terminus and subsequent interference with self-association of the hydrophobic protein face. In wild-type (WT) mice, phosphorylation of the S421 residue (pS421-htt) is decreased in the striatum, the region most susceptible in HD, relative to both the cerebellum and the cortex. Furthermore, human frontal cortex displays endogenous phosphorylation of S421-htt under physiological conditions (Warby et al., 2005) . Akt phosphorylation of this residue prevents toxicity induced by mhtt (Humbert et al., 2002) and restores anterograde and retrograde axonal transport in neurons (Zala et al., 2008) . Phosphorylation of S421 also prevents cleavage of mhtt by caspase 6 (Warby et al., 2009 ), a step that is thought to be necessary for toxicity (Graham et al., 2006) . A paper by Metzler et al. (2010) connects NMDAR excitotoxicity with pS421-htt in HD progression. Primary cortical neurons from YAC128 transgenic mice, which express mhtt, were more susceptible to NMDAR-mediated dephosphorylation of S421-htt than WT neurons. Moreover, the authors observed the selective decrease of pS421-htt in the striatum of YAC128 mice throughout disease progression; no decrease in pS421-htt was detected in relatively unaffected areas such as the cerebellum. Control animals did not show a decrease of pS421-htt in the striatum or cerebellum throughout disease.
To address underlying mechanisms mediating decreased pS421-htt, the authors examined potential changes in Akt kinase activity. Akt was previously shown to phosphorylate S421-htt (Humbert et al., 2002; Warby et al., 2005) , so a decrease in pS421-htt could result from decreased Akt activity. However, upon NMDA treatment, there were no significant differences in Akt kinase activity between WT and YAC128 primary cortical neurons. Interestingly, Akt activity significantly increased in both genotypes after treatment with low doses of NMDA. Metzler et al. (2010) speculate that selective activation of NMDAR may increase Akt activity and neuronal survival. For example, since synaptic and extrasynaptic NMDARs preferentially affect neuronal protection and cell death, respectively (Hardingham and Bading, 2010) , the significant increase in pS473-Akt expression levels detected after low-dose NMDA treatment could result from activation of synaptic NMDARs. In contrast, the return to baseline of pS473-Akt expression levels upon treatment with higher NMDA concentrations could involve both synaptic and extrasynaptic NMDARs. This hypothesis was tested by Milnerwood et al. (2010) using chronic low-dose memantine treatment. CREB activity, a downstream target of Akt, increased in the striatum of YAC128 mice with low-dose memantine treatment compared to WT and untreated YAC128 mice. Metzler et al. (2010) corroborated these data in vivo by evaluating pS421-htt in WT, YAC128, YAC18 (nonpathological htt), and C6R (caspase-6-resistant) mice after intrastriatal injections of the NMDAR agonist quinolinic acid (QA). After 15 min of QA-induced excitotoxicity, pS421-htt levels were significantly reduced in striatal lysates from YAC128 compared to WT, YAC18, and C6R mice , their Fig. 2 ]. Moreover, both YAC18 and C6R mice, which are relatively resistant to QA-induced excitotoxicity (Graham et al., 2006) showed an early increase in pS421-htt. These experiments demonstrate a relationship between excitotoxicity and phosphorylation of S421-htt.
Because the activities of the kinases responsible for S421-htt phosphorylation were unchanged, the authors analyzed phosphatase activity. In transiently transfected COS7 cells and WT cortical neurons, the phosphatases PP1 and PP2A potently dephosphorylated S421-htt, whereas PP2B (calcineurin) did not significantly contribute to reducing pS421-htt , their Fig. 4 B] . However, previous evidence from Pardo et al. (2006) using primary striatal neurons transfected with an N-terminal fragment of htt (480 -17Q) and a constitutively active form of calcineurin demonstrated a reduction in pS421-htt. Pardo et al. (2006) also confirmed this finding in vivo, where administration of PP2B inhibitor increased pS421-htt in WT whole-brain homogenate (Pardo et al., 2006) . Calcineurin activation depends on the presence of Ca 2ϩ , which may account for the conflicting findings and, given this discrepancy, Metzler et al. (2010) emphasize the importance of PP1 and PP2A in S421-htt dephosphorylation in vitro without excluding contribution from PP2B. Analysis of PP1 and PP2A inhibition in vivo will be necessary to fully determine their role in pS421-htt modulation after excitotoxic stimulation. Furthermore, although PP1, PP2A, and PP2B are the most common phosphatases in the brain, use of the nonspecific PP1 and PP2A inhibitor okadaic acid (OA) (Mansuy and Shenolikar, 2006) in the current experiments does not exclude the involvement of other phosphatases. Finally, additional studies are necessary to confirm the primary effects of okadaic acid on S421 phosphorylation. For example, if pS421 is directly regulated by OA, nontransgenic striatal neurons expressing the S421 phosphonull (S421A) or phosphomimetic (S421D) constructs (Warby et al., 2009 ) treated with NMDA and glycine would be resistant to OA.
Given the ability of PP1 and PP2A to dephosphorylate S421-htt, the authors extended their analysis by examining whether phosphatase inhibition protected neurons. Cell death was significantly increased in YAC128 primary cortical neurons compared to WT after NMDA-induced excitotoxicity. Cotreatment with OA inhibited the loss of pS421-htt, resulting in decreased cell death in both neuronal types , their Fig. 5 ]. Despite the somewhat indirect methods of cell death analyses (i.e., caspase 3 activation and evaluation based on morphological criteria), the finding that increased pS421-htt levels positively impacts neuronal protection is, nonetheless, exciting.
Finally, because in situ results suggested that PP1 and PP2A regulate the phosphorylation status of S421, the authors investigated whether changes in pS421-htt levels resulted from altered regulation of phosphatase activity. Decreased expression of Darpp-32, a potent inhibitor of PP1 that integrates dopaminergic and glutamatergic inputs, occurs throughout disease progression in the striatum of other HD mouse models (Van Raamsdonk et al., 2006) . Decreased expression also occurred in the striatum of YAC128 mice but not in YAC18 and C6R mice , their Fig. 7] . Metzler et al. (2010) found that D 1 R stimulation, which activates Darpp-32, increased pS421-htt in YAC128 mice, suggesting that dopamine signaling could help regulate S421 phosphorylation through Darpp-32. Based on these observations, Darpp-32 could be a possible link between the decrease in pS421-htt, dopaminergic and glutamatergic signaling, and phosphatase activity; however, additional studies are necessary to further understand its role in these processes.
The wider impact of this paper is illustrated by the recent report of two additional findings from the same group that emphasize the importance of excitotoxicity in HD. Milnerwood et al. (2010) reported that the prolonged treatment of YAC128 mice with a low dose of the extrasynaptic NMDAR antagonist memantine raised striatal pS133-CREB levels. Given that CREB activation is critical to neuronal survival and in light of the observation by Metzler et al. (2010) that pS133-CREB decreases in striatal homogenates from YAC128 mice throughout disease progression (their Fig. 8) , it is possible that phosphatase activity is differentially regulated by synaptic and extrasynaptic NMDAR pathways, the latter of which leads to toxicity of mhtt in HD. Thus, an evaluation of differences in phosphatase activity relative to NMDAR localization and excitotoxicity may reveal interesting therapeutic strategies. Second, Graham et al. (2010) showed that NMDA stimulation significantly increases caspase-6 activity in YAC128 striatal neurons compared to WT neurons. Together with the findings of Metzler et al. (2010) , not only does pS421-htt protect against NMDA-induced excitotoxicity, but caspase-6 activity is triggered by NMDA-mediated excitotoxicity, which leads to cell death. Interestingly, activation of the caspase cascade can be suppressed by activating synaptic NMDARs, and increased activity of extrasynaptic NMDARs leads to neuronal dysfunction and death (Hardingham and Bading, 2010) . Future experiments to confirm this connection and explore this cellular balance may reveal new ways to therapeutically target HD.
In conclusion, Metzler et al. (2010) have provided evidence that NMDAR-mediated excitotoxicity regulates pS421-htt in HD, furthering our understanding of pathogenic mechanisms underlying this disease. NMDAR stimulation significantly reduced pS421-htt in isolated YAC128 neurons, and pS421-htt was also decreased after QA treatment in vivo. This suggests an enhanced susceptibility to NMDAR-mediated excitotoxicity that may contribute to the progressive loss of pS421-htt in these mice. After ruling out variations in kinase activity, the authors examined regulation of phosphatases to determine the cause of decreased pS421-htt. While the phosphatases PP1 and PP2A dephosphorylated S421-htt in vitro, additional experiments are necessary to determine both the role of PP2B and the involvement of other brain phosphatases. Nonetheless, both PP1 and PP2A inhibition significantly increased pS421-htt and decreased neuronal cell death in vitro. Although these are provocative results, it remains to be seen whether inhibition of these phosphatases can protect neurons in vivo. Finally, a disease-driven decrease in the PP1-inhibitor Darpp-32 and an increase in pS421-htt upon stimulation of the D 1 receptor in YAC128 mice suggest a convergence of the dopaminergic and glutamatergic pathways and the phosphorylation state of S421-htt. Together, these experiments demonstrate the neuroprotective role of phosphorylation in HD and encourage further
